Stem cells are defined universally by their ability to maintain and regenerate the anatomy and function of an adult tissue[@b1]. Mammalian spermatogenesis is a classic adult stem cell--dependent process, supported by self-renewal and differentiation of spermatogonial stem cells(SSCs)[@b2]. SSCs are stem cells of the male germ line that support the production of numerous sperm on a daily basis throughout the adult life of a male. Their ability for maintenance of steady-state spermatogenesis and spermatogenesis regeneration after damage is the only unequivocal parameter that defines SSCs[@b3]. In the mouse testes, normal spermatogenesis is maintained by a small subset of undifferentiated spermatogonial cells that self-renew and have actual stemness; in regenerating tissue, a second subpopulation that normally differentiates is able to self-renew and therefore probably has stemness potential[@b4][@b5][@b6][@b7][@b8][@b9]. However, it has long been a big challenge to identify SSCs and elucidate their behaviors in undisturbed testis.

Spermatogonial transplantation is a gold standard and one of the reliable assays to study SSC activity[@b10][@b11]. The transplantation technique allows only those cells that continuously self-renew and differentiate to regenerate complete spermatogenesis in the recipient. An advantage of this approach is that it determines the absolute number of functional SSCs[@b12][@b13][@b14][@b15]. A weakness of the transplantation approach is that it focuses on stemness potential and can't measure actual stemness of cells in undisturbed testis. In recent years, *in vivo* lineage tracing has evolved into a powerful technique for experimentally testing the actual stemness of cells in their physiological context[@b16][@b17][@b18][@b19], which provides an effective tool to study SSCs in the steady state[@b5][@b6][@b7][@b8][@b9].

The inhibitor of differentiation (Id) family of helix-loop-helix proteins is a group of evolutionarily conserved molecules that play important regulatory roles in organisms ranging from Drosophila to humans. Expression of Id proteins is typically high in embryonic and adult stem/progenitor cells but levels decrease as the cells differentiate[@b20]. Id proteins regulate stem-cell homeostasis and fate commitment in various cell types, including neuronal[@b21][@b22][@b23][@b24], hematopoietic[@b25][@b26], mammary[@b27], and embryonic cells[@b28]. For example, Id4 is required for neural stem cell proliferation and differentiation[@b29]. ​​Id4 is also a key regulator of mammary stem cell self-renewal and marks a subset of mammary stem cells and basal-like breast cancers with a putative mammary basal cell origin[@b27]. In the mouse testes, expression of Id4 is selective for A~single~ (singly isolated cells) cells within the spermatogonial population and plays an important role in the regulation of SSC self-renewal[@b30]. Moreover, recent study has demonstrated that Id4-expressing (Id4^+^) cells have regenerative capacity in SSC transplantation experiments[@b31]. However, transplantation assays do not reveal *in vivo* stem-cell behavior in its physiological context. It is not clear whether the actual stemness could have been observed if the cell had been studied in its endogenous environment, before isolation and transplantation.

Lineage tracing measures the actual stemness of cells in their physiological context[@b18]. To identify SSCs and elucidate their behaviors in undisturbed testis, we used an *in vivo* lineage tracing approach to study the contribution of Id4^+^ cells to spermatogenesis and differentiation in the undisturbed testis. For this purpose, we have generated a knock-in mouse model, Id4-2A-CreERT2-2A-tdTomato, which allows us to mark these cells at different time points *in situ* and to track their behavior across distinct developmental stages during steady-state and regenerating spermatogenesis. Here, our study demonstrated that Id4^+^ cells continuously give rise to spermatogonia, spermatocytes, and sperm in undisturbed testis and during regenerating spermatogenesis, documenting their ability to self-renew and their differentiation potential. Consistent with these findings, ablation of Id4^+^ cells in mice resulted in a disruption of spermatogenesis. Furthermore, lineage-tracing studies with neonatal mice revealed that Id4^+^ SSCs are derived from neonate Id4^+^ gonocytes.

Results
=======

Generation and Identification of the Id4-CreERT2-tdTomato Knock-in Mouse
------------------------------------------------------------------------

Homologous recombination was used to generate embryonic stem-cell (ESC) clones in which a 2A-CreERT2-2A-tdTomato cassette was inserted into the 3′ UTR of the Id4 allele ([Fig. 1a](#f1){ref-type="fig"}). This 2A-CreERT2-2A-tdTomato expression cassette ultimately generates CreERT2 and tdTomato proteins in Id4^+^ cells without disrupting Id4 expression. Positive ESC clones were isolated after selection with G418 and confirmed by Southern blot analysis ([Fig. 1b](#f1){ref-type="fig"}). A PCR method for genotyping was used to verify the structure of the targeted allele and to identify Id4-CreERT2-tdTomato mice ([Fig. 1c](#f1){ref-type="fig"}).

To validate the transgene expression patterns of the Id4-CreERT2-tdTomato knock-in alleles, we examined tdTomato expression in the mouse testis. Consistent with a previous study, tdTomato expression was observed in A~single~ cells, and A~paired~ cells (cysts of interconnected cell pairs; 24 tdTomato^+^ A~paired~ cells were observed out of 153 tdTomato^+^ cells) ([Fig. 1d](#f1){ref-type="fig"}). Results of coimmunofluorescence staining with GFRA1 revealed that the Id4-tdTomato^+^ undifferentiated spermatogonial population represents a subset of the GFRA1^+^ undifferentiated spermatogonial population ([Fig. 1d](#f1){ref-type="fig"}, [Supplemental Fig. 1a](#S1){ref-type="supplementary-material"}). Immunofluorescence staining showed the Id4 protein was co-expressed with tdTomato in the undifferentiated spermatogonial population in the testis of Id4 knock-in mice ([Fig. 2a](#f2){ref-type="fig"}, [Supplemental Fig. 1b](#S1){ref-type="supplementary-material"}.). Next, fluorescence-activated cell sorting (FACS) was performed on the basis of tdTomato to isolate tdTomato^+^ and tdTomato^--^ cells from the testes of 8-day-old Id4 knock-in mice. We found that Id4, CreERT2, and the SSC marker pax7 are highly expressed in tdTomato^+^ cells, compared with tdTomato^−^ cells ([Fig. 2b](#f2){ref-type="fig"}). These observations confirmed that tdTomato and CreERT2 are expressed in Id4^+^ cells. We further examine CreERT2 expression by using Id4-creERT2-tdTomato; ROSA26-lacZ mice. Two days after tamoxifen (TM) injection, expression of lacZ was detected in only the Id4^+^ cells of Id4-CreERT2-tdTomato;ROSA26-flox-stop- LacZ mice using X-gal staining 2 days after TM administration ([Fig. 2c](#f2){ref-type="fig"}). Whole mount staining for GFRA1 after X-gal staining showed that these lacZ-expressing (lacZ^+^) cells are also GFRA1^+^ undifferentiated spermatogonia ([Fig. 2c](#f2){ref-type="fig"}). Activation of Cre and tdTomato do not influence normal spermatogenesis. Thus, the Id4-CreERT2-tdTomato knock-in alleles faithfully document endogenous Id4 expression, at least in the undifferentiated spermatogonial population.

Id4^+^ Cells Contribute to the Differentiation and Self-Renewal in Mouse Spermatogenesis
----------------------------------------------------------------------------------------

In order to permanently label Id4^+^ cells and their progeny *in vivo*, we initially injected TM intraperitoneally into 5- to 6-week-old Id4-CreERT2-tdTomato; ROSA26-flox-stop-lacZ mice. LacZ expression in the testis was examined at various time points after TM injection ([Fig. 3a](#f3){ref-type="fig"}). No marking was noted in wild-type mice that were treated with TM ([Supplemental Fig. 2a](#S1){ref-type="supplementary-material"}) or in Id4-CreERT2-tdTomato; ROSA26-flox-stop-lacZ double transgenic mice that were treated with vehicle, suggesting that the CreERT2 constructs are not "leaky" without tamoxifen treatment ([Supplemental Fig. 2b](#S1){ref-type="supplementary-material"}). Two days after TM treatment, most lacZ^+^ clones were A~single~ cells or A~paired~ cells in rare incidences (n = 5 mice). Five days after tamoxifen treatment, we could find lacZ^+^ A~paired~, and A~aligned~ (interconnected cells in syncytial cysts of 4, 8, 16, and occasionally 32 cells) cells (n = 5 mice). The lacZ^+^ clones were persisted and larger at 35 days (n = 6 mice), 2 months (n = 5 mice), 5 months (n = 5mice), and 13 months (n = 9 mice) after TM injection ([Fig. 3b](#f3){ref-type="fig"}). The tubule section was sometimes entirely filled with LacZ^+^ cells, demonstrating production of all stages of male germ cells by Id4^+^ SSCs. This result indicates that each clone was derived from a labeled Id4^+^ cell that had continuously produced differentiating cells while self-renewing for at least one complete round of spermatogenesis ([Fig. 3c](#f3){ref-type="fig"}). Taken together, our observations suggest that Id4^+^ cells are capable of self-renewal and have differentiation potential.

Id4 Marks Spermatogonial Stem Cells
-----------------------------------

To examine whether Id4 marks SSCs, we labeled Id4^+^ cells and their progeny by intraperitoneal injection of TM into a cohort of 10-day-old Id4-CreERT2-tdTomato; ROSA26-flox-stop-lacZ mice. The testes were isolated and stained with X-gal 3 weeks, 4 weeks or 6 weeks after the TM treatment ([Fig. 4a](#f4){ref-type="fig"}). The number of lacZ^+^ clone was determined. We found that the average clone size increased over time. However, the average clone number remained stable ([Fig. 4b](#f4){ref-type="fig"},c).This suggests that Id4^+^ spermatogonia are spermatogonial stem cells. Because 6 weeks is longer than the total duration of mouse spermatogenesis, if the labeled Id4^+^ spermatogonia are not SSCs, labeled cells wound differentiate into sperm and eventually disappear; thus, the clone number would decrease.

Depletion Experiments Demonstrate that Id4^+^ Cells Are Necessary for Spermatogenesis
-------------------------------------------------------------------------------------

To determine the physiological requirement for Id4^+^ cells during spermatogenesis, we performed targeted ablation of these cells in the mouse testis. We generated Id4-CreER-tdTomato;ROSA26-flox-stop-DTR mice to conditionally express diphtheria toxin receptor(DTR) in Id4^+^ cells. The Id4^+^ cells were depleted following administration of diphtheria toxin (DTx) after TM induction ([Fig. 5a](#f5){ref-type="fig"}). Three months after DTx treatment, the testes of Id4-CreERT2-tdTomato;ROSA26-DTR mice appeared smaller in size and lighter in weight than those of PBS-treated control mice ([Fig. 5b,c](#f5){ref-type="fig"}). Consistent with this, histological analysis showed an increased number of degenerated tubules in the testes of DTx-treated mice ([Fig. 5d](#f5){ref-type="fig"}). Imunofluorescence staining for Sox9 and Mvh confirmed that only sertoli cells left in some tubules of DTx-treated Id4-CreERT2-tdTomato;ROSA26-DTR mice with very few germ cells remaining ([Fig. 5e](#f5){ref-type="fig"}). As an additional control, we found that spermatogenesis was not affected in wild-type mice treated with TM and DTx ([Supplemental Fig. 3](#S1){ref-type="supplementary-material"}). Together, these results suggest that Id4^+^ germ cells are essential for mouse spermatogenesis and depletion of Id4^+^ cells results in impaired spermatogenesis. This is also consistent with our previous result that Id4 marks SSCs in mouse testes.

Contribution of the Pulse-Labeled Id4^+^ SSCs to Regeneration
-------------------------------------------------------------

Next, the contribution of Id4^+^ spermatogonia to regeneration was investigated. As shown in [Figure 6a](#f6){ref-type="fig"}, 5--6-week-old Id4-creERT2-tdTomato;ROSA26- flox-stop-lacZ mice were pulse-labeled with TM, and treated with 10 mg/kg busulfan to induce regeneration. Two months later, the testes were isolated and stained with X-gal. As expected, the testes treated with busulfan underwent massive germ cell death and appeared smaller in size ([Fig. 6b](#f6){ref-type="fig"}). The mean number of Plzf^+^ undifferentiated spermatogonia per tubule cross-section was significantly decreased 8 days after busulfan treatment, compared with that of controls ([Supplemental Fig. 4](#S1){ref-type="supplementary-material"}).

The contribution of the pulse-labeled Id4^+^ spermatogonia to regenerating spermatogenesis was evaluated after X-gal staining. The clone number was decreased in testes of mice treated with busulfan, compared with those of the controls, which were treated in the same manner without the busulfan injection; however, the length of the clones in treated mice was greater than in untreated controls ([Fig. 6c,d](#f6){ref-type="fig"}). A total of 86.33 ± 19.96 (n = 6) lacZ^+^ clones were detected in untreated mice after 2 month, whereas 10.67 ± 1.52 (n = 6) lacZ^+^ clones were detected in treated mice. Although the clone number is fewer in treated testes than in untreated testes, cross-sections of lacZ^+^ clones in treated mice show that the labeled cells contain all stages of male germ cells. These results suggest that Id4^+^ SSCs contribute to full-lineage maturation after busulfan treatment, as in normal spermatogenesis, in untreated mice ([Fig. 6d](#f6){ref-type="fig"}). The length of clones in untreated mice was 0.667 ± 0.05 mm, whereas the clone length in treated mice was 2.08 ± 0.116 mm. Examination of the clone length provides an assessment of the capacity for proliferative expansion[@b6][@b12][@b13]. The clone length was increased in the treated mice, which means that Id4^+^ SSCs expand during regeneration upon injury. Thus, Id4^+^ SSC expansion accounts for the increased clone length. This also demonstrates that Id4^+^ SSCs play an important role during spermatogenic regeneration. Taken together, these data demonstrate that Id4^+^ spermatogonia contribute to the recovery of spermatogenesis after busulfan insult to the germ cells.

Id4^+^ SSCs Originate from Neonate Id4^+^ Gonocytes
---------------------------------------------------

Given that Id4 is already expressed in most gonocytes at Postnatal Day (PD) 0[@b31], we wondered whether Id4^+^ gonocytes are the precursors of Id4^+^ SSCs. To determine this, we injected Id4-CreERT2-tdTomato; ROSA26-flox-stop-lacZ mice with TM at PD0 and analyzed their testes as adults ([Fig. 7a](#f7){ref-type="fig"}). Similar to results obtained with adult labeling, lacZ^+^ clones were detected in the testes at 3 months and 4 months after TM induction ([Fig. 7b](#f7){ref-type="fig"}). Labeled clones contained immature spermatogonia and mature sperm ([Fig. 7b](#f7){ref-type="fig"}). Developmental fate mapping revealed that Id4^+^ SSCs originate from neonate Id4^+^ gonocytes.

Discussion
==========

Our lineage-tracing experiments using Id4-CreERT2-tdTomato;ROSA26- flox-stop-lacZ mice showed that labeled Id4^+^ spermatogonia persist in the testis and continue to produce differentiating progeny for 13 months. These results indicate that Id4 marks SSCs in mouse testis. Previous studies have shown that expression of Id4 is selective for A~single~ cells within the spermatogonial population of mouse testes, and that Id4^+^ cells have regenerative capacity in transplantation experiments. These studies, together with our results, suggest that Id4 is a marker of a subset of A~single~ SSCs. Recently, Pax7 has been identified and characterized by Aloisio *et al.*, as a new marker for a subset of A~single~ SSCs in the mouse testis[@b9]. Our results showed that Pax7 is more highly expressed in tdTomato^+^ cells than in tdTomato^--^ cells, which suggests that Pax7 and Id4 are expressed in overlapping subsets of A~single~ spermatogonia. These findings indicate that the A~single~ spermatogonial population in the mouse testes is heterogeneous[@b31][@b32][@b33][@b34].

In the scheme of Huckins[@b35] and Oakberg[@b36], the A~single~ cells among the undifferentiated A spermatogonia are the SSCs, implying that the formation of a pair constitutes the first step of differentiation. In theory, however, not all A~single~ cells can be stem cells, as some A~single~ cells that form A~paired~ cells eventually become spermatozoa[@b37]. Our lineage-tracing experiment showed that the labeled clone number is constant when Id4^+^ cells are labeled at PD10, which suggests that most Id4^+^ spermatogonia, if not all, are SSCs. During the last decade, the A~s~ model has been challenged. It has been suggested that not all A~single~ spermatogonia are SSCs, and that pairs and chains can split up during steady-state spermatogenesis, thus providing new single SSCs, pairs, and shorter chains in an alternative way[@b4][@b5][@b38][@b39][@b40]. A recent study showed that the entire GFRA-1^+^ population comprises a single stem-cell pool, in which cells continually interconvert between A~s~ and syncytial states during steady-state spermatogenesis and post-insult regeneration[@b8]. These observations suggest that the stem-cell pool might be not restricted to A~single,~ and might be expanded to include A~paired~ and A~aligned~. Future investigations are needed to elucidate the cellular hierarchies underlying stem-cell maintenance and differentiation in the testis.

Here, we observed tdTomato expression in A~single~ spermatogonia, A~paired~ spermatogonia, and some spermatocytes at around PD20.Similarly, Oatley's team observed that GFP expression in Id4-GFP transgenic mice was detected in both a subset of type A spermatogonia and some pachytene spermatocytes at PD20 and PD35 but not in other spermatogonial subtypes, other spermatocytes, or spermatids[@b31]. Furthermore, a previous study showed that immunostaining for the expression of endogenous Id4 did not reveal the presence of Id4 in pachytene spermatocytes[@b30]. We also examined the expression of endogenous Id4 by using immunofluorescence analysis. Staining for Id4 expression was observed in type A spermatogonia, but we did not observe obvious staining in pachytene spermatocytes. It is still possible that Id4 expression is also present in spermatocytes. However, the level of Id4 expression may be too low to be detected in our immunofluorescence analysis. Regardless, our study demonstrated that expression of the Id4-creERT2-tdTomato transgene is specifically restricted to A~single~ spermatogonia and some A~paired~ spermatogonia within the undifferentiated spermatogonial population of mouse testes. More importantly, the Id4^+^ spermatogonia persisted in the testis and continued to give rise to differentiating progeny for 13 months, indicating that the population has long-term stem-cell potential *in vivo*.

In previous reports, many more labeled clones served by a labeled SSC were found in Ngn3-creER;Rosa-lacZ mice that received busulfan than were found in mice that did not receive busulfan[@b5]. Ngn3-creER labeled potential SSCs. The killing of some SSCs triggered a number of "potential" SSCs to become "actual" SSCs that subsequently self-renewed and formed clones. So the clone number increases when mice are treated with busulfan. In our study, fewer clones were detected in busulfan-treated mice, because Id4 marks actual stem cells, and no potential stem cells become actual stem cells. However the clone length is increased in busulfan-treated mice, which suggests that the SSCs expand during regeneration. Our results are consistent with those of a recent study[@b9]. In that study, PAX7^+^ spermatogonia expansion contributed to the recovery of spermatogenesis in mice subjected to chemotherapy and radiotherapy. SSC expansion might be one of the mechanisms by which SSCs respond to injury.

Oatley's study demonstrated that Id4-Gfp expression marks spermatogonia that possess the core ability to function as a SSC in SSC transplantation experiments[@b31]. However, it is unknown whether the actual stemness could have been observed if the cells had been studied during steady-state spermatogenesis. Our lineage-tracing experiments revealed that Id4^+^ cells continuously generate all stages of germ cells in the undisturbed testis and during regenerating spermatogenesis, documenting their self-renewal ability and differentiation potential. Our study provides information complementary to the previous reports from Oatley's group. Their studies, together with our results, suggest that Id4 marks spermatogonia stem cells in the mouse testis.

In summary, Id4 marks a rare but functionally important SSC population during steady-state conditions, and also play an important role in spermatogenic regeneration following injury to germ cells.

Materials And Methods
=====================

Mice
----

All mice were maintained under a 12-hour light/dark cycle. Id4-2A-CreERT2 -2A-tdTomato knock-in mice were generated by Beijing Biocytogen Co., Ltd. Briefly, C57BL/6 ESCs were targeted with knock-in constructs containing 2A-CreERT2-2A-tdTomato under the control of endogenous Id4 regulatory elements using standard protocols. Correct insertion of constructs was verified by Southern blotting, and correctly targeted clones were injected into blastocysts and transferred into pseudopregnant females. The resulting chimeric mice were bred with C57/BL6 mice and their germline offspring were bred to establish stable lines. Experimental procedures were approved by the Animal Care and Use Committee of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, and all methods were carried out in accordance with the guidelines approved by the Animal Care and Use Committee of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences.

Id4 knock-in mice were maintained as homozygotes. ROSA26-flox-stop-LacZ mice (Gt(ROSA)26Sortm1Sho/J)[@b41], in which LacZ is a reporter for Cre recombination, were also maintained as homozygotes. ROSA26-flox-stop-DTR mice, in which GFP and diphtheria toxin receptor (DTR) are expressed when Cre is activated, were kindly provided by Beijing Biocytogen Co., Ltd. Id4-CreERT2-tdTomato mice were crossed with the ROSA26-flox-stop-LacZ (or DTR) reporter mice to generate the Id4-CreERT2-tdTomato/+;ROSA26-flox-stop- LacZ (or DTR)/+mice used in this study. In these animals, TM administration is expected to transiently activate Cre in a subset of Id4^+^ cells, resulting in the permanent expression of LacZ (or DTR) in those cells and their descendants. For genotyping, genomic DNA was extracted from tail tips and assayed using polymerase chain reaction (PCR) primer sets for the Rosa26R allele (F: AATCCATCTTGTTCAATGGCCGATC, R: CCGGATTGATG

GTAGTGGTC), for the Id4-CreER allele (F: TGATATGCGCACTCTAACCGT, R:CGA

TCCCTGAACATGTCCATCAG), and for the DTR allele (F: GCATCGATACCGTCGACCTC, R: GCTGTCCATCTGCACGAGAC).

Tamoxifen Injection
-------------------

Id4 knock-in males were crossed with ROSA26-flox-stop-LacZ (or DTR) females. TM was dissolved in corn oil (10 mg/ml). Mice were treated with intraperitoneal injections of TM at approximately 5--6 weeks of age.

X-gal Staining
--------------

Whole-mount X-gal staining was performed by manually dissociating tubules, fixing them in 4% paraformaldehyde for 2 hours at 4 °C, and staining in the dark in standard β-galactosidase substrate (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml X-gal, 2 mM MgCl~2~, 0.01% sodium deoxycholate, 0.02% NP-40 in PBS) overnight at room temperature, as previously described[@b42]. Photographic images were then obtained by using an Olympus SZ16 light microscope.

Histology and Immunohistochemistry
----------------------------------

Testes were fixed in 4% paraformaldehyde or Bouin's solution. Tissue sections were stained with hematoxylin and eosin for H&E visualization. For immunofluorescence staining, sections were permeabilized with 0.5% Triton X-100 for 10 minutes and blocked in 0.1% Triton-PBS, 0.25% goat normal serum for 1 hour at room temperature. Primary antibodies were incubated overnight at 4 °C and washed with PBS. Secondary antibodies were incubated for 1 hour at room temperature. Antibodies used were as follows: Id4 (CalBioreagents), Mvh (Abcam), and Sox9 (EMD Millipore).

RNA isolation and Quantitative Real-Time PCR
--------------------------------------------

Total RNA was isolated from the cells by using Trizol, followed by reverse transcription. Quantitative real-time PCR was performed using the SYBR Green Master Mix (Toyobo) on a Real-Time PCR Detection System (Eppendorf). For the reverse transcription reaction 1 μg of total RNA was used. Expression levels were calculated by using the comparative CT method with GAPDH as an endogenous reference gene.

FACS Analyses
-------------

Dissociated cells from Id4 knock-in mice were suspended in DMEM/10% FBS. FACS analyses were performed by using an Aria II cell sorter (BD Biosciences, San Jose, CA).

Statistics
----------

Statistics were calculated using GraphPad software. Error bars in all figures indicate SEM for at least 3 animals. Differences resulting in P value \< 0.05 were considered significant.
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![Generation of Id4-2A- CreERT2-2A-tdTomato knock-in mice.\
(**a**) Targeting strategy to generate Id4-2A-CreERT2-2A-tdTomato knock-in mice. Restriction sites, Southern blot analysis probes, and expected restriction fragment lengths are indicated. UTR, untranslated regions; 2A, 2A peptide (identified among picornaviruses and results in the cotranslational "cleavage" of proteins); CreERT2, a tamoxifen inducible Cre-estrogen receptor (ER) fusion protein. (**b**) Southern blot analysis to confirm correct integration of Id4-CreERT2-2A-tdTomato allele in ESCs. Southern blot analysis of ESC clone demonstrates the successful generation of the targeted Id4-tdTomato-2A-CreERT2 allele. (**c**) Genotyping of wild-type and heterozygous mice by PCR using primer pairs specific to the Id4-CreERT2-tdTomato allele (CreERT2) and wild-type allele. P.C., positive control; K.I., Id4-CreERT2-tdTomato knock-in mice; wt, wild-type mice; N.C., negative control. (**d**) Fluorescence image of whole mount staining of testes from Id4 -creERT2-2A-tdToamto mice. Immunofluorescence staining for GFRA1 shows the tdTomato is expressed in A~single~ and A~paired~ GFRA1^+^ undifferentiated spermatogonia in testes of Id4 knock-in mice. Scale bar, 50 μm.](srep17594-f1){#f1}

![Identification of Id4-2A-CreERT2-2A-tdTomato knock-in mice.\
(**a**) Fluorescence image of frozen sections of Id4-creERT2-tdTomato mouse testes. Immunofluorescence staining shows the Id4 protein was coexpressed with tdTomato in the testes of Id4 knock-in mice. (**b**) Left panel, Representative scatter plots of tdTomato^+^ and tdTomato^−^ populations isolated from the testes of 8-day-old Id4 knock-in mice(n = 5), determined using fluorescence-activated cell sorting (FACS). Right panel, The levels of Id4, Cre and Pax7 mRNAs were determined by real-time PCR in the tdTomato^+^ population compared with tdTomato^−^ population. The value from the tdTomato^+^ sample was set as 1. GADPH served as an internal control. (**c**) Expression of lacZ is detected only in Id4^+^ cells of Id4-CreERT2-tdTomato; Rosa26- flox-stop-LacZ mice using X-gal staining, 2 days after TM induction. Whole mount staining for GFRA1 after X-gal staining showed that these lacZ^+^ cells are also GFRA1^+^ undifferentiated spermatogonia. Scale bar, 50 μm.](srep17594-f2){#f2}

![Id4^+^ Cells Contribute to Differentiation and Self-Renewal in mouse spermatogenesis.\
(**a**) Experimental strategy for lineage tracing. (**b**) Whole-mount seminiferous tubule X-gal staining of Id4-CreERT2-tdTomato; ROSA26-flox-stop lacZ adult mice at various time points after a single TM injection. Scale Bar, 1 mm. (**c**) Top panel, Representative image of clones of LacZ^+^ cells. Scale bar, 1 mm. Bottom panel, X-gal-stained (blue) sections counterstained with neutral red (pink). Scale bar, 50 μm.](srep17594-f3){#f3}

![Id4 Marks SSCs.\
(**a**) The experimental schedule. Id4-creERT2-tdTomato;ROSA26-flox-stop-lacZ mice were treated with TM once at 10 days of age. X-gal staining was performed at 3 weeks, 4 weeks, and 6 weeks after TM induction. (**b**) Upper row, Whole-mount seminiferous tubule X-gal staining of Id4-CreERT2-tdTomato; Rosa-lacZ mice. Middle row, Clones of LacZ-positive cells at 3 weeks, 4 weeks, and 6 weeks after TM induction. Scale bar, 1 mm. Lower row, Cross-sections of the clones at 3 weeks, 4 weeks, and 6 weeks after TM induction. X-gal-stained (blue) sections counterstained with neutral red (pink). Scale bar, 50 μm. (**c**) Average clone numbers at 3 weeks,4 weeks, and 6 weeks after TM induction in testes (n = 4). The average clone number remained constant over time.](srep17594-f4){#f4}

![Ablation of Id4^+^ cells in mice results in a disruption of spermatogenesis.\
(**a**) Experimental strategy for DTx treatment. (**b**) Intact testes from PBS-treated (Ctr) and DTx-treated mice (DTx). Id4-CreERT2-tdTomato;ROSA26-flox-stop-DTR mice were treated with PBS or DTx after TM induction. The testes of Id4-CreERT2-tdTomato;ROSA26-DTR mice appeared smaller in size after 3 months of DTx treatment. Scale bar, 1 mm. (**c**) Comparison of testes weights between control mice (Ctr) and DTx-treated Id4-CreERT2-tdTomato;ROSA26-DTR mice (DTx) (n = 7). \*Denotes significant difference at P = 1.01133E-05. Statistical significance was determined using a two-tailed Student's t-test. (**d**) H&E staining of paraffin-embedded sections from the testis of Id4-CreERT2-tdTomato;ROSA26-flox-stop-DTR mice that received a single tamoxifen with PBS treatment(Ctr, left column) or with single DTx treatment(DTx,right column). There are more degenerated tubules (\*) in DTx-treated mice (right column) than in control mice (left column). (**e**) Imunofluorescence staining for Sox9 and Mvh confirmed the almost complete absence of germ cells in some tubules of DTx-treated Id4-CreERT2-tdTomato;ROSA26-DTR mice with very few germ cells remaining. The Mvh-stained cells are germ cells. The cells stained with Sox9 are Sertoli cells. Original magnifications are as indicated. \*degenerated tubules.](srep17594-f5){#f5}

![Contribution of the Pulse-Labeled Id4^+^ SSCs to Regeneration.\
(**a**) The experimental schedule. Id4-CreERT2-tdTomato;ROSA26-flox-stop-lacZ double transgenic mice were TM pulsed at 5-6 weeks of age. Busulfan (10 mg/kg) was injected to induce regeneration after 2 days. Two months later, the contribution of the pulse-labeled Id4^+^ spermatogonia to the regenerating spermatogenesis was evaluated after X-gal staining, and then compared with controls that were treated in the same manner, but without busulfan injection. (**b**). Whole-mount seminiferous tubule X-gal staining of busulfan-treated (Treated) and untreated Id4-CreERT2-tdTomato;ROSA26-lacZ mice (Control). Scale bar, 1 mm. (**c**) Top panel, Clones of LacZ-positive cells with (Treated, right panel) or without (Control, left panel) busulfan treatment. Scale bar, 1 mm. Bottom panel, Cross-sections of the clones with (Treated, right panel) or without (Control, left panel) busulfan treatment. X-gal-stained (blue) sections counterstained with neutral red (pink). Scale bar, 50 μm. (**d**) Left panel, Number of LacZ^+^, labeled cell-derived clones with (Treated, n = 6 mice) or without (Control, n = 6 mice) busulfan treatment. The clone number is decreased in testes treated with busulfan. Right panel, Length of LacZ^+^, labeled cell-derived clones with (Treated, n = 6) or without (Control, n = 6) busulfan treatment. The clone length is increased in testes treated with busulfan treatment compared with untreated mice. Average numbers and length of clones per testis are shown. \*P = 0.003605204, \*\*P = 5.63421E-07 (two-tailed Student's t-test).](srep17594-f6){#f6}

![Id4^+^ SSCs originate from neonate Id4^+^ gonocytes.\
(**a**) Experimental design. (**b**) Upper row, Whole-mount LacZ staining. Time course of cell lineage mapping experiments for postnatal stage. Scale bar, 1 mm. Middle row, Clones of LacZ^+^ cells at 3 months (n = 5) and 4 months (n = 5) after TM induction. Scale bar, 1 mm. Lower row, Cross-sections of the clones at 3 months and 4 months after TM induction. X-gal-stained (blue) sections counterstained with neutral red (pink). Scale bar, 50 μm.](srep17594-f7){#f7}
